Functional MRI (fMRI) data analysis of blocked-task paradigms typically considers brain activity present across a temporally extended task block relative to a reference block. An open question remains as to whether processes evolving with distinct temporal profiles are also present and can inform us about further functional-anatomic processes underlying task performance. To explore this question, a meta-analysis of data from these separate studies was performed. The meta-analysis specifically focused on detecting transient activation occurring at the onset and offset of task blocks. The composite data set from 39 subjects included four distinct task conditions (from various intentional encoding paradigms) that had equivalent block timing. Task block activation included a network of regions consistent with prior analyses of intentional encoding. Activation related to the block transitions included a set of transiently activated regions, consistent across all four separate task conditions. The most prominent activation was found in right frontal cortex along the dorsal extent of inferior frontal gyrus (near BA 6/44). Importantly, in one condition, this transient activation was present in the absence of a response across the task block suggesting dissociation between processes in support of ongoing task demands and those associated with transitions between blocks. Other prominent transient activations included posterior superior temporal sulcus, medial occipitoparietal sulcus, anterior insula, and anterior cingulate sulcus in the right hemisphere. These findings are discussed in relation to models of set shifting and competitive interactions between brain regions.
INTRODUCTION
Blocked-task paradigm designs have been widely used in fMRI studies of cognitive functions, revealing brain activity that is present throughout a sequence of task trials relative to a reference period. Such experimental designs provide excellent statistical power by examining relative changes across alternating task blocks (Bandettini et al., 1993; Friston et al., 1994; D'Esposito et al., 1999) . However, alternation between task and reference blocks within a functional imaging paradigm inevitably introduces cognitive processes associated with the transition points between blocks. Exploration of transition related activity should extend basic knowledge of brain mechanisms involved in the initiation and termination of task performance.
Here we investigated activity related to block transitions in a meta-analysis of imaging data from 39 normal subjects performing blocked-task paradigms. For this meta-analysis, all data were derived from paradigms involving intentional encoding in three prior studies (Kelley et al., 1998; McDermott et al., 1999; Buckner et al., 1999) . The intentional encoding tasks employed equivalent blocked-task timing and MRI procedures, allowing data from the three studies to be reanalyzed together. The data differed in two parameters: encoded material (words or faces) and trial presentation rate (2.5 or 5 s intertrial interval), filling each cell in a two-by-two design.
Previous analyses of the data only investigated the effect of blocked encoding trials without considering possible transient phenomenon related to the initiation and termination of task blocks (Kelley et al., 1998; McDermott et al., 1999; Buckner et al., 1999 ; see also Wagner et al., 1998) . In the current meta-analysis two principal effects were investigated: (1) differences in activity between task and fixation blocks as addressed in the previous blocked-paradigm analyses, and (2) transient block transition activity time-locked to the onset and offset of task blocks.
Prior studies have usefully explored distinct temporal components of the evolving hemodynamic response in blocked-task paradigms. For example, Friston et al. (1995) employed two different temporal basis functions modeling "early" and "late" components of block-related activation. Donaldson et al. (in press) have recently proposed a method for separating sustained response components from those related to individual trial events. The present meta-analysis represents an extension of this general theme of exploring the tem-poral dynamics of the hemodynamic response. Specifically, we examine whether brain regions become transiently active during transitions between blocks and whether such transiently activated regions, if any, are separate from regions showing the task block effect. Results are discussed in the context of models of set shifting and competitive interactions between brain regions.
METHODS

Subjects
The fMRI data used in the present meta-analysis were derived from three prior studies all using blockedtask paradigm designs (Kelley et al., 1998; McDermott et al., 1999; Buckner et al., 1999) . Data consisted of 39 (21 male) right-handed subjects (age range: 18 -31). Five subjects were from Kelley et al. (1998, experiment 1) , 12 subjects were from McDermott et al. (1999) , and 22 subjects were from Buckner et al. (1999, young subject cohort) . Written consent from each subject was obtained using procedures approved by the institutional review board of the Washington University Human Studies Committee.
MRI Procedures
Details of MRI acquisition procedures can be found in Kelley et al. (1998) and McDermott et al. (1999) . Briefly, whole-brain scanning was performed on a 1.5-Tesla Siemens Vision System (Erlangen, Germany). Scout images were first collected to align the field of view centered on the subjects' brain. Then T1-weighted structural images were acquired using a MPRAGE sequence. For echo-planar imaging, an asymmetric spin echo sequence was used (TR ϭ 2.5 s, T2* evolution time ϭ 50 ms). Each functional run consisted of 102 sequential whole-brain image acquisitions (16 slices; in plane resolution 3.75 mm, 8-mm thickness, no skip between slices, interleaved slice acquisition, acquisition aligned to the plane intersecting the anterior and posterior commissures). The first four images (time points) in each run were excluded from analysis to take into account the equilibrium of longitudinal magnetization.
Behavioral Procedures
Visual stimuli were presented to subjects by projecting the stimulus image generated using Psyscope (Cohen et al., 1993) onto a screen at the back of the magnet bore. Subjects viewed the screen through a mirror attached to the head coil. A magnet-compatible button press based on a fiber-optic switch was used to record subject performance on a Macintosh computer (Apple Computer, Cupertino, CA).
Subjects were presented with words or faces during functional runs. Words (3-10 letters in length) were the names of concrete objects drawn from the Snodgrass and Vanderwart (1980) stimulus set and faces (one-half male, one-half female) were color pictures of nonfamous, unfamiliar people cut from magazines. Trial presentation was time-locked to the beginning of each MRI image acquisition. Subjects were instructed to pay careful attention to and memorize each item for a later memory test to be administered in the scanner. Following each functional run, an old/new recognition task was administered.
The functional runs had the same structure (i.e., with block transitions occurring at identical time points throughout each functional run) but differed in encoded material (a within-subject factor) and in trial presentation rate (a between-subjects factor). All functional runs consisted of four extended task and three fixation blocks alternating with each other (task, fixation, task, fixation, task, fixation, task). Task and fixation blocks lasted 40 and 25 s, respectively. Brief blocks of fixation (10 s each) were further included at the beginning (during longitudinal magnetization equilibration) and end of runs. Within-subject factor: two word encoding runs and two face encoding runs were collected for each subject with task order (word encoding and face encoding runs) counterbalanced across subjects. Between-subjects factor: the trial presentation rate was 2.5 s (1 TR, stimulus duration ϭ 2.0 s) for 17 subjects (Kelley et al., 1998; McDermott et al., 1999) and 5.0 s (2 TRs, stimulus duration ϭ 4.0 s) for 22 subjects , so that there were 16 and 8 stimuli in each block, respectively.
Data Analysis
Functional image runs were first preprocessed. Each volume within each run was corrected for odd/even slice intensity differences and then motion corrected between volumes using a rigid-body rotation and translation correction (Snyder, 1996) . To account for between-slice timing differences (induced by acquisition order), the data were interpolated using sinc interpolation. The linear slope was removed on a voxel-byvoxel basis (Bandettini et al., 1993) . Then, each subject's whole brain signal intensity was normalized to 1000 for each run. Finally, anatomic and functional data for each subject were placed in stereotaxic atlas space (Talairach and Tournoux, 1988) , using previously described procedures (Kelley et al., 1998; McDermott et al., 1999) . Images in atlas space were interpolated to 2-mm isotropic voxels.
Activation maps for each of the four conditions (word encoding at 2.5-s trial rate, face encoding at 2.5-s trial rate, word encoding at 5-s trial rate, face encoding at 5-s trial rate) were constructed on a voxel-by-voxel basis using the general linear model (GLM) (Friston et al., 1994; Worsley and Friston, 1995; Zarahn et al., 1997; Miezin et al., 2000) .
Two principal effects were coded into the design matrix of the GLM: a task block effect related to the temporally extended task blocks and a block transition effect time-locked to the initiation and termination of the task blocks. For the task block effect, task blocks were considered as extended epochs timeshifted to account for the hemodynamic response delay using a boxcar convolved with a gamma function. For the block transition effect, a set of predicted transient hemodynamic curves based on a gamma function were generated with the onset delay varied by five values each at 1-s steps to account for possible variation of hemodynamic response onset (Boynton et al., 1996; Dale and Buckner, 1997) . Such predictors were modeled at the onset and offset of task blocks separately, and both the effects were integrated as a single block transition effect by attaching contrast of 1 to both onset and offset effects. Additional linear trends were also coded into the design matrix. To create the composite Z-image of each condition across subjects, individual subject Zimages were averaged and multiplied by the square root of the number of subjects.
Peak coordinate locations in the activation maps were generated using a threshold of 19 or more significant voxels (which equals 152 mm 3 considering the interpolated atlas voxel size of 8 mm 3 ) above P Ͻ 0.001 (Z ϭ 3.3) for the block transition effect and a threshold of 19 or more significant voxels above P Ͻ 0.00001 (Z ϭ 4.4) for the task block effect. These statistical thresholds were set based on an empirical approach whereby the same statistical procedures were applied to a control data set in which no activation should occur (see also Buckner et al., 1998) . For this analysis, independent control data from 12 subjects (two functional runs each) were acquired during which the subjects fixated on a small visual cross-hair during the entire duration of the run. Thus, any detected peaks of activation in this control data set would reflect false positives. Similar analysis as performed using the GLM for the actual task data was performed on these control data sets, including both the task block and block transition effects. The thresholds were set to minimize false positive responses. Notably, the appropriate threshold for the transient block transition effect matched that we previously determined based on a separate control data set . However, the task block effect required a more conservative threshold to similarly minimize false positives, likely due to the lower paradigm frequency. When significant peaks occurred within 12 mm of one another, the most significant peak location was kept. For peaks of particular theoretical interest, regional analyses were also performed to further establish confidence in the effects and more precisely characterize their behavior.
To obtain the time course of the hemodynamic response for specific regions of interest, analyses were performed using the identified peak locations as seed points. Specifically, all voxels within 12 mm of a peak location that were more significant than P Ͻ 0.001 for the block transition effect and P Ͻ 0.00001 for the task block effect were included in the region. For comparison of the four conditions, mean percentage signal change over time was computed for each of the task blocks embedded within the run, aligned to and normalized by the first time point of each task block (similar to the approach of Binder et al., 1995) . These time courses were derived directly from the actual signal change over time (from the preprocessed functional image runs) without temporal smoothing or secondary modeling procedures.
We focus interpretation on those regions consistently detected across data sets and conditions.
RESULTS
Behavioral Results
Recognition performance following brain imaging in the 2.5-s conditions showed mean hit rates of 0.76 and 0.75, and false alarm rates of 0.21 and 0.25, for words and faces respectively (n ϭ 13, performance data from four subjects were lost). In the 5-s conditions, mean hit rates were 0.91 and 0.93, and mean false alarm rates were 0.06 and 0.08, for words and faces respectively (n ϭ 20, data from two subjects were lost).
fMRI Results
Task block effect. Compared to the low-level reference fixation block, intentional encoding activated many regions including primary and extrastriate visual cortex, posterior parietal cortex, supplementary motor area, medial temporal regions, and frontal cortex along the ventral and dorsal extents of inferior frontal gyrus (BA 47/45 and BA 6/44) (Fig. 1) . Asymmetrical activation in BA 6/44 was observed in the 2.5-s conditions, particularly for the word encoding condition that showed greater activation in left hemisphere regions. In the 5-s conditions, asymmetry was observed but to a lesser degree.
Block transition effect. Most central to the issue under investigation in the present meta-analysis, the block transition effect revealed a consistent set of transiently activated regions (Fig. 2) . Owing to the similarities, the Z-images of the block transition effect were averaged across all four conditions to further boost signal-to-noise and determine regions transiently activated in a manner unbiased to each of the individual conditions (Fig. 3) . The Z-images of the task block effect averaged across all four conditions are also provided for comparison. The locations of significant activation foci for this composite image are listed in Table  1 . The most prominent and consistent activation was observed in a right frontal region at or near BA 6/44 along the dorsal extent of inferior frontal gyrus. Other prominent activations included posterior superior temporal sulcus (BA 22/39), medial occipitoparietal sulcus (BA 19/7), anterior insula, and anterior cingulate sulcus (BA 6/32) in the right hemisphere. Each of these regions showed positive transient activation.
No regions were detected that showed transient responses revealed as significant signal decreases.
Regional analysis. The time course of signal change was examined in a subset of the regions identified in the averaged block transition effect image (Fig.  4, Table 1 ). For this analysis, time courses for each of the four conditions were generated separately. Mean percentage signal change was computed for each condition, aligned to the first time point of each task block (Binder et al., 1995) . The time courses demonstrated that the activation level of the task block often modulated dependent on the encoded material and trial presentation rate, consistent with the analysis described above. By direct contrast, activation related to the block transition effect appeared largely independent of the task block modulation. That is, the transition effect was of similar magnitude in all task conditions. Importantly, transient activation was sometimes present even in the absence of a response across the task block (for example, see Fig. 4 , topmost panel for the Word/ 2.5-s condition). These findings suggest that the transient activations at the beginnings and ends of task blocks are not always derived from the presence of activity during the task block.
To determine how the temporal dynamics of the regions above relate to those typically considered in blocked-paradigm analysis, a control region in visual cortex was selected. This region was derived from the most significant peak in the averaged task block image and fell at or near primary visual cortex (x ϭ 17, y ϭ Ϫ97, z ϭ 0). Figure 5 shows the results. A complex temporal dynamic is evident. First, the signal shows a transient increase at the beginning of the task block, which has often been observed in the literature and interpreted to reflect an uncoupling of cerebral blood flow (CBF) and cerebral metabolic rate of oxygen (CMRO 2 ) (see Buxton et al., 1999 , for review). The signal plateaus until the end of the task block. Finally, a signal decrease (often called the poststimulus undershoot) is observed following the termination of the task block. While not easily quantified, there is a further impression that the transient dynamics track the overall magnitude of the activation in the task block: larger initial signal increases and poststimulus undershoots are observed for the conditions with the largest magnitude task block effect. These results are typical of many blocked-paradigm analyses in the literature (see Buxton et al., 1999 , for review).
Of importance, the temporal dynamics observed for the control region in visual cortex are distinct from those observed in relation to the block transition effect. In particular, the poststimulus undershoot is in the exact opposite direction to that observed for the block transition effect. These findings suggest the block transition effect detected in the present meta-analysis is distinct from the kinds of temporal dynamics that have been previously identified as complex components of the BOLD-contrast signal. We suspect the block transition effect arises from neural activity directly related to cognitive processes associated with block transitions. Nonetheless, the two kinds of effect may be superimposed in certain conditions within the present analysis, such as for those regions identified in the block transition effect that also showed robust task block effects.
Possible relations to prior studies of set shifting. To further understand the nature of the processes related to the block transition effect in the present meta-analysis, data from prior studies of set shifting were examined. Set shifting occurs when task demands require a shift from one cognitive set to another, as might occur when subjects in a blocked-trial paradigm transition from one task state to another. Furthermore, prior results have suggested that performance of tasks encouraging set shifting activate prefrontal cortex at or near BA 45/44 (Konishi et al., 1998b) . Therefore, it is worthwhile examining the spatial relationship between the regions previously detected in studies of set shifting and those identified in the present meta-analysis. Table 2 shows selected coordinates of activation related to the block transition effect and the task block effect in the four conditions of the present meta-analysis, plus coordinates of transient activation during set shifting tasks reported in selected previous studies.
DISCUSSION
The present meta-analysis sought to determine whether brain regions become transiently active during the transitions between blocks in blocked-task fMRI paradigms. The answer is yes. Analyses further determined the relation between temporally extended periods of activity change (as is typically considered in blocked-paradigm analysis) and the transient processes identified in the present meta-analysis. To determine this relation two separate effects coded into the design matrix of the GLM were employed to contrast: (1) a task block effect, where activity associated with the temporally extended task block was identified, and (2) a block transition effect that identified transient activity occurring at the onset and offset of task blocks. Of importance, analyses associated with block transition revealed a consistent set of brain regions that only partially overlapped with those identified by the task block effect including right frontal cortex along the dorsal extent of inferior frontal gyrus (at or near BA 6/44), posterior superior temporal sulcus (BA 22/39), medial occipitoparietal sulcus (BA 19/7), anterior insula, and anterior cingulate sulcus (BA 6/32). Examination of the temporal dynamics (time course) provided further insight into the processes these regions might be performing (see Fig. 4 ). First, transient responses were observed following the transitions between encoding task blocks and fixation blocks, and between fixation blocks and encoding blocks, suggesting a general role in transitions between blocks. Second, transition effects were sometimes observed under conditions where little or no activation was present during the extended task block. This second finding minimizes the possibility that the transient activation is always derived from the presence of activity during the extended task block and suggests the two kinds of effect can be dissociated. Finally, the temporal dynamics of the block transition effect were found to be quite distinct from the complex temporal dynamics that have previously been observed and attributed to the uncoupling of CBF and CMRO 2 (see Fig. 5 ; Buxton et al., 1999, for review) . For these reasons, the transient block transition effect identified here is likely to originate from cognitive processes directly associated with the transitions between blocks (as opposed to components of the BOLD response secondary to task block related activity). Theoretical interpretation of the transient activation is discussed in the context of models of set shifting and also in relation to possible competitive interactions between brain regions.
The transient phenomenon observed during the block transitions may relate to set shifting, which occurs when a behavioral pattern is intermittently updated. However, the phenomenon observed here in the context of block transition and the phenomenon typically considered in the context of set shifting have several differences. Set shifting is most often instantiated in tasks such as the Wisconsin Card Sorting Test (WCST) where subjects adopt a rule to guide behavior and then, through trial and error, must update the rule as contingencies change (Grant and Berg, 1948; Nelson, 1976; Berman et al., 1995; Nagahama et al., 1996; Konishi et al., 1998b) . Damage to frontal cortex, among other structures, impairs dimensional changes on the WCST, suggesting, in general terms, that frontal cortex contributes to set shifting processes (Milner, 1963; Passingham, 1972; Dias et al., 1996; Rushworth et al., 1997; Thompson-Schill et al., 1998) . A salient example is the behavior of a frontal patient first reported by Brenda Milner (1963) . Knowing that the next card sorting was wrong, the frontal patient was still unable to change the card-sorting dimension and perseverated on an inappropriate dimension.
It is possible that the regions identified in the block transition effect in the present meta-analysis relate to the kinds of set shifting processes tapped by tasks such as the WCST. Both kinds of phenomenon rely on changing behavioral mode. On the other hand, the task demands regarding set shifting were quite minimal in the present tasks. For example, trial and error checking as required in the WCST is not required in standard, predictable block transitions such as those studied here. More critically, demands on set updating are likely to be considerably less in the present data as fixation may not be regarded as a substantial task "set," and the fixation set, if any, does not likely compete directly with the task set. This may also explain why the details of the findings in the present metaanalysis only partially overlap with previous results from directed studies of set shifting.
For example, the present meta-analysis revealed robust activation in right frontal cortex near BA 6/44 (Table 1) . Activation in prefrontal cortex near right BA 45/44 was of lower magnitude (see Fig. 4 ), and activation near left BA 45/44 was not significant in the present study. This result contrasts with previous im- Note. Coordinates are listed in the Talairach and Tournoux (1988) atlas space with negative values of x on the left. BA is the Brodmann area nearest to the coordinates and should be considered approximate.
FIG. 4.
Time courses of MRI signal change are displayed for five separate regions identified in the BLOCK TRANSITION EFFECT image, plotting separately the time courses for each of the four conditions (WORD/2.5 SEC ϭ 2.5W, FACE/2.5 SEC ϭ 2.5F, WORD/5 SEC ϭ 5W, FACE/5 SEC ϭ 5F). The regions of interest are displayed to the left in each panel with the coordinates of peak seed points indicated at the bottom (in mm as derived from the Talairach and Tournoux (1988) aging results from WCST in which activation of bilateral prefrontal cortex near BA 45/44 was quite prominent ( Table 2 ). The differential magnitude of activation in prefrontal activation near BA 45/44 may parallel the cognitive demands in terms of the executive functions that underlie set shifting. That is, brain regions identified in the present paper may play some form of role in set shifting but at a minimal level.
A second possibility is that the transient activations identified here are reflective of a competition between brain regions that takes place when a task set is adopted. For example, multiple frontal regions that are specialized for processing verbal and nonverbal codes may be initially engaged and compete for control of task performance. Dependent on the kind of material being operated upon, or the kinds of processes encouraged, a subset of regions may "win" the competition and participate in continuous task performance. This notion is similar to the idea of biased competition put forth in the context of selective visual attention (Desimone and Duncan, 1995) . Within this possibility, when a task or reference block is initially engaged, brain regions that will ultimately not be used for continuous task performance are nonetheless activated, resulting in the initial increase in activity observed as the block transition effect. Through some yet unknown mechanism of executive control, those regions most appropriate to task performance are selectively maintained throughout the task block at the exclusion of inappropriate (or less efficient) brain regions for the task at hand. In the present study, performance of the intentional verbal encoding tasks resolved to depend upon predominantly left frontal regions. Right frontal regions initially active were rapidly minimized in ongoing task performance.
While this possibility based on biased competition is speculative, it may also relate to atypical activation patterns sometimes observed in patients and older adults. Following stroke, for example, regions contralateral to the injury have been shown to be activated (e.g., Buckner et al., 1996) . It is possible that such atypical activation patterns are a result of inappropriate competition between brain regions. That is, without the normal recruitment of left frontal regions because of the lesion, right frontal cortex may continue participation in task performance. Similarly, studies of older adults have shown atypical activation patterns particularly in frontal cortex compared to young adults (e.g., Cabeza et al., 1997) . Again such patterns may be reflective of inappropriate competition among brain regions resulting, in this instance, from the general decline in resources characteristic of aging. While the Konishi et al., 1999b. present data cannot fully resolve whether the block transition effects identified here relate to biased competition and inappropriate activation patterns, these possibilities are nonetheless intriguing and raised by the present data.
